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The scales of the white Cyphochilus beetles are endowed with unusual whiteness arising from the exceptional scattering efficiency of their disordered ultrastructure optimized through millions of years of evolution. Here, a simple, one-step method based on water-vapor induced phase separation (VIPS) is developed to prepare ultra-thin polystyrene (PS) films with similar microstructure and comparable optical performance. A typical biomimetic 3.5 µm PS film exhibits a diffuse reflectance of 61% at 500 nm, which translates into a transport mean free path below 1 µm. A complete optical characterization through Monte Carlo simulations reveals how such scattering performance arises from the scattering coefficient and scattering anisotropy, whose interplay provides insight into the morphological properties of the material.
The potential of bright-white coatings as smart sensors or wearable devices is highlighted using a treated ultra-thin film as a real-time sensor for human exhalation.
Disordered materials exhibiting a bright, broadband diffuse reflection [1] [2] [3] play a key role in many applications, including passive-daytime-radiative-cooling (PDRC) materials, [4] [5] [6] displays, [7] LEDs [8] [9] [10] and light harvesting devices, [11, 12] to name a few. In general, achieving a bright white appearance requires either a thick scattering layer or scattering elements with high refractive index n. [3, 13, 14] Indeed, to date, titanium dioxide (TiO2, n≈2.67) nanoparticles represent the most widely used pigment for white coatings and paint. [15] Interestingly, though, the natural world offers several examples of white-appearing organisms featuring thin scattering layers despite not having access to highly scattering materials such as metal oxides or semiconductors. One prominent example is that of the beetles of the Cyphochilus genus, [3, 16] which are covered by an array of thin scales (7±1.5 µm) made of a threedimensional disordered network of chitin filaments which can diffusely reflect up to ~ 70% of incoming light over a broad wavelength spectrum (Figure 1a) . [1, 3, 13, [17] [18] [19] Such optical performance is all the more outstanding considering the relatively low refractive index of chitin (~1.56) [17, 18] and the high volume fraction occupied by the network (~ 50%), with respect to the lower density typically expected for optimally scattering materials. [3, 16, 19, 20] For this reason, the optimized network structure of this beetle has raised a lot of interest in different fields, as it suggests that highly efficient scattering materials can be obtained from more readily available low refractive index materials such as polymers. Even more, its network structure holds promise for the development of particle-free scattering media, which are being actively sought after in recent years due to health and environment related concerns about nanoparticle-based scattering media. [21] [22] [23] [24] To date, methods such as electro-spinning, [25] supercritical carbon dioxide foaming (SC-CO2) [24] and cellulose nanocrystal (CNC) self-assembly [14] have been proposed to prepare bright-white surfaces using polymers with low refractive index, but have failed to match the optical performance of the Cyphochilus beetles. More recently, poly(methyl methacrylate) (PMMA) films prepared by a non-solvent induced polymer phase separation (NIPS) method [26] have been reported exhibiting a scattering strength comparable to that of the beetle, but the relatively complex preparation process of sonication-induced degradation to obtain PMMA with low polydispersity in order to control the phase separation process and form a network structure represents a limitation for large-scale preparation and practical applications.
Moreover, despite increasing efforts to engineer novel materials inspired by the Cyphochilus beetles, the interplay between its scattering performance and the complex network topology is still not entirely understood, with several aspects proposed to explain its outstanding optical properties. [13, 19, 27] Additionally, comparisons between different scattering materials have been mostly limited so far to measurements of total integrated reflectance which, despite being the relevant quantity for most applications, fails to provide any insight on the single scattering properties of the material. In this respect, extending optical characterization to the single scattering level represents an important step forward to build a scattering "fingerprint" for the growing array of bioinspired materials, gaining insights on potentially different scattering mechanism underlying their whiteness.
In this work, we describe a one-step spin-coating assisted water-vapor induced phase separation (VIPS) method that does not involve any pre-or post-processing to fabricate biomimetic bright-white polystyrene (PS, n≈1.59) [28] films. Using this technique, we obtained highly efficiently scattering layers able to reflect up to 61% (subtracting specular reflection) at 500 nm wavelength for a free-standing film with a thickness of just 3.5 µm. We retrieved the scattering parameters of the resulting films by solving the radiative transfer equation (RTE) through a Monte Carlo look-up table approach [29] to obtain a full characterization of the scattering mechanism behind their optical performance. The simple preparation strategy and in-depth optical characterization provide useful information to design and fabricate novel network-based materials with advanced optical properties. In addition, we show how such thin film can be used as a real-time optical switch triggered by human breath exploiting its excellent brightness and activatable super-hydrophilicity. Owing to the good mechanical stability and flexibility of the material, we envision that bright-white coatings will play an increasingly important role in the emerging field of smart sensors and wearable devices for monitoring purposes. We evaluate the scattering performance of the 3.5 µm PS film in terms of the scattering mean free path ℓs and the transport mean free path ℓt, representing respectively the average distance between two consecutive scattering events and the average distance over which the original propagation direction is completely randomized. These two parameters are connected by the degree of scattering asymmetry parameter g through the so-called similarity relation
where g is the average cosine of the scattering angular distribution and can typically vary from 0 (i.e. isotropic scattering) to 1 (i.e. forward propagation). [33] Although less common, it should be noted that the asymmetry factor can also become negative (resulting in ℓt<ℓs) in case of resonant scattering or strong positional correlations. [34, 35] In the diffusive regime, the total reflectance is mainly determined by the ratio between the slab thickness and the transport mean free path, according to the so-called Ohm's law for light. [36] Indeed, this simple approach has been used several times in the literatures, even though its validity breaks down at low sample thickness. [37, 38] In our case, due to the reduced thickness of the films, a residual ballistic transmitted intensity can be collected with a distant optical fiber (see Experimental Section) allowing a complete optical characterization that does not rely on Ohm's law nor on the diffusive approximation. We solved the radiative transfer equation (RTE) through a Monte Carlo (MC) approach, enabling the retrieval of scattering parameters in configurations well beyond the validity range of diffusion theory (see Supporting Information). In particular, by assuming for simplicity a structurally isotropic medium, we retrieve the scattering parameters along the perpendicular direction to the film, [39] which are the ones determining the overall turbidity. [13] Even in this simplified picture, to our knowledge, we provide the first broadband characterization of the scattering asymmetry parameter g for network-like materials, providing novel information on their structural
properties. The estimated optical parameters are obtained by fitting the experimental measurements of collimated (i.e., ballistic) transmission and integrated diffuse reflectance with Monte Carlo calculations, as shown in Figure 2b and 2c for the 3.5 µm film (see Supporting Information).
As can be seen, the retrieved transport mean free path along the perpendicular direction of the slab is comparable to that of the Cyphochilus beetle (ℓt=1.47 µm) [3] at near infrared frequencies, and is appreciably shorter in the visible range, falling below 1 µm for λ < 515 nm.
Interestingly, we find that the simple monotonic trend of ℓt results from a more complex interplay between the scattering anisotropy and the scattering mean free path as retrieved from ballistic transmission measurements (Figure 2b) . Indeed, the scattering mean free path reaches a remarkably low minimum of 0.41 µm at a wavelength of 600 nm, which is however compensated by a peak in the scattering asymmetry. This interplay between scattering efficiency and asymmetry -and in particular their spectral dependence over visible wavelengths -allows to infer the dominant scattering mechanism determining the white appearance. As regards the spectral dependence of the parameter g (Figure 2c ), there is a general lack of reports in the literature, especially for fiber-based or structurally anisotropic materials. A potentially related example is that of dentine, whose internal structure characterized by aligned tubules might also give rise to a peak of the scattering asymmetry in the visible range. [40, 41] As described in the following, our results support this hypothesis and suggest that the scattering asymmetry peak position and amplitude can be used to infer about the size distribution of the elongated scattering elements (see Supporting Information). In this respect, the spectral dependence of the scattering anisotropy represents an untapped source of information that could be used to tell apart different scattering mechanisms in thin layers of turbid materials. To illustrate the formation mechanism of the bi-continuous network structure, we prepared different films varying the rotating speed of the spin-coater and the solution volume used under the same solution concentration of 25 wt% and the relative humidity of 95%. The resulting films (Figures 3) show that the bi-continuous topology is progressively lost as the film thickness exceeds ~10 µm, above which it is superseded by a more isotropic cellular-type structure. Additional structural changes associated with thicker samples include an increase of the air phase volume fraction (see Experimental Section), a reduced degree of structural anisotropy and the formation of a dense skin layer on the external surface (see Figure S2) , as opposed to the porous surface that is characteristic of bi-continuous structures obtained by VIPS method. [42] [43] [44] [45] For intermediate thickness, however, the two structures coexist as can be seen in Figure 3c for the 10.3 μm film, where the bi-continuous structure is still present near the surface. As schematically shown in Figure 3 , the occurrence of the bi-continuous network can be explained using mass-transfer-diffusion theory. [44, 45] In general, there are two mechanisms for VIPS: nucleation-growth (NG) and spinodal decomposition (SD). [46] When the polymer solution is at the metastable state, phase separation occurs via the NG mechanism, leading to a cellular-like porous structure. On the other hand, SD represents the dominant phase separation mechanism when the system is at the unstable state, leading to the bi-continuous network structure. [47, 48] Due to the affinity between water and the DMF solvent, water vapor diffuses into the liquid film during the spin-coating and solvent evaporation process. This results in a reduced polymer solubility which brings the solution into the metastable state. If enough water diffuses into the solution in a short time, the phase separation degree of the polymer solution is aggravated and the solution transits quickly from the metastable to the unstable state. Thin films under high relative humidity undergo a rapid water content increase, leading to the formation of the bi-continuous structure. Conversely, at higher thicknesses and/or lower relative humidity (see also control experiments at reduced relative humidity in Supporting information, Figure S3) , the system will remain in the metastable state long enough for the NG process to take place, resulting in a typical cellular-like structure. Another important factor influencing the phase separation is polymer concentration. In fact, polymer concentration determines the so-called critical residence time of the system in the metastable state due to the entanglement of polymer chains. [49] A lower concentration is associated with a shorter critical residence time in the metastable region, which allows the NG process to complete rapidly, hindering the subsequent unstable state to form a bi-continuous structure.
As shown in the control experiments ( Figure S4) , thin films (6-7 µm thick) prepared at 95%
RH from 15-20 wt% PS solutions also show a cellular-like morphology. For these reasons, high polymer concentration, high relative humidity and thin solution thickness are required to form the more efficiently scattering bi-continuous structure akin to that of the Cyphochilus beetle.
The superior optical properties of the bi-continuous topology as opposed to the cellular-like one are confirmed by our optical characterization. In particular, Figure 4a shows the total reflectance and scattering efficiency at a wavelength of 500 nm attained by the different films shown in Figure 3 , resulting in a comparable transport mean free path to that measured for the Cyphochilus beetle [3] as long as the film thickness remains below 10 µm, i.e., before the morphology transition to the isotropic, cellular-like structure. The complete reflectance spectra are reported in Figure S5 and in Figure S6 for samples prepared under different conditions, confirming the enhanced scattering efficiency of samples characterized by the denser, anisotropic bi-continuous structure. A comparison between the optical performance of the VIPS of PS films and other artificial bright-white materials made with low refractive index scattering elements is presented in Table 1 . Table 1 . Average transport mean free path at a wavelength of 500 nm for typical artificial low-n highly scattering media.
Material ℓt (µm)

PS film (this work) 0.98±0.03
PMMA film by NIPS [26] ~1 Photonic glass [3] 2.9
SC-CO2 foaming surface [24] 3.5-4 CNC paper [14] P(VdF-HFP)HP PDRC coatings [5] ~4 ~6 Syringe filter [3] 6
The transition from the anisotropic bi-continuous structure to the cellular-like structure is also apparent by the different spectral dependence of the retrieved optical properties. In particular, the structural transition is accompanied by both a different power-law dependence of the reduced scattering coefficient (defined as µs'=1/ℓt, Figure 4b ) and a change of the scattering mean free path ℓs ( Figure 4c ). As regards the asymmetry parameter g, its spectral dependence in bi-continuous films exhibits a peak of increased forward scattering at visible frequencies, as compared to the flatter response for cellular-like structures (Figure 4d ). In this case, we retrieved the asymmetry factor only for the 18.0 µm thick film, since this is the thickest sample that still exhibits a detectable ballistic transmission signal. A red-shift of the parameter g peak is also observed, which is in qualitative agreement with a simple model based on light scattering from infinite cylinders with a gaussian radii distribution, suggesting that thicker films are characterized by larger and more polydisperse scattering elements as confirmed by SEM images of the same samples (see Supporting Information, Figure S7 ).
Considered together, the increased structural isotropy, polydispersity and filament size observed for thicker PS films account for their decreased overall scattering efficiency. [13, 17, 19] SEM images show that an optimal filament size is obtained in the ultra-thin films, close to that of (244±51) nm measured for the Cyphochilus beetle and well within the ideal 200-300 nm range determined theoretically ( Figure S8 ).
[17] Besides their utility as diffusing layers, the highly porous structure of these thin films lends itself to other interesting applications. In particular, their morphology allows liquids, vapors and gases to percolate through the structure, which can cause dramatic changes in the scattering properties enabling optical sensing applications. [26, [50] [51] [52] Based on the excellent water permeability of the bi-continuous network structure [43] , herein we demonstrate a potential application of the biomimetic film as a real-time optical moisture sensor. The surface wettability of the ultra-thin film was changed from hydrophobic (static contact angle 81°) to super-hydrophilic (static contact angle 0°) by cold air plasma treating (Figure 5a , 5b
and Figure S9 ). [53, 54] When immersed in water, the treated film immediately switches from a white opaque to a transparent appearance due to the reduced refractive index contrast caused by water infiltration (Figure 5b ). As an exemplary application exploiting this effect, we describe the use of the bright-white super-hydrophilic film as an optical moisture sensor for real-time monitoring of human exhalation. As shown in Figure 5d -e using the 3.5 μm sample, different exhalation rates and durations give rise to different optical signals according to the rapid change in reflectivity of the sample. This example illustrates the potential use of ultrathin, super-hydrophilic bright-white films as fast responding sensing elements for human breath. In conclusion, inspired by the scales of the Cyphochilus beetle, we developed a simple water-vapor induced phase separation method to prepare a series of ultra-thin bright-white PS films with optical performances comparable or superior to those of the white beetle and previously reported artificial materials, with the additional advantages given by free-standing stability, flexibility, and activatable super-hydrophilicity which make them compatible with a wide array of optical devices and applications. Due to the applicability of the phase-separation method to many polymers and the convenience of the coating techniques, we envision that diverse and large-area ultra-thin bright-white polymeric films might establish as a competitive alternative to nanoparticle-based coatings. By performing a broadband optical characterization of the scattering properties based on the rigorous solution of the radiative transfer model, we revealed how structural transitions are associated to spectral signatures at the single and multiple scattering level. Indeed, up to date, the description of optical properties in bright-white materials has been largely limited to the framework of diffusive approximation, disregarding the role of the scattering asymmetry associated to their network structure. Especially for the case of ultra-thin scattering materials, the use of more accurate radiative transport models providing information down to the single scattering level can provide further insight needed to compare the increasing amount of advanced optical materials, including the Cyphochilus beetle itself, and understand if they rely on similar scattering mechanisms or if they are characterized by a different interplay between scattering parameters. On a related note, even though spinodal decomposition of biomacromolecules such as chitin is currently supposed to be the driving mechanism behind the formation of bicontinuous network materials in the biological world, conclusive evidence on this matter is still lacking. [55] It is worth noting that our VIPS method requires only mild conditions for nonsolvent induced spinodal decomposition as potentially found in most organisms, and results in samples that are similar to the white Chyphochilus scales both in terms of morphology and scattering performance. In this respect, optical characterization at the single-scattering level of self-assembled polymeric structures might provide a valuable tool to shed light on the growth process of white beetle scales and help characterizing the different morphological pathways that are possibly playing a role in their formation.
Experimental Section
Materials: Polystyrene (Mw = 250 kDa, purchased from Acros), N,N'-dimethylformamide (DMF, analytical grade, purchased from Beijing Chemical Works), potassium carbonate (K2CO3, 99.5%, guaranteed reagent, purchased from Innochem) and sodium chloride (NaCl, analytical grade, purchased from Beijing Chemical Works) were used as received.
Film preparation process: Granular PS was dissolved in DMF under mechanical agitation at 80 °C for 24 hours. Granular PS was dissolved in DMF under mechanical agitation at 80 °C for 24 hours. A spin-coater (KW-4A, Setcas, China) was covered by a hood. A culture dish containing water or aqueous solution of salt was placed in the hood to control the relative humidity, which was monitored by a hygrometer (608-H2, error of ±2%, Testo AG, Germany).
A relative humidity (RH) of 95±2 % was obtained by the natural evaporation of water in the sealed spin-coater at room temperature. RHs of 43% and 71% were maintained by using the supersaturation solutions of K2CO3 and NaCl, respectively. [56] Polymer solution was dropped via a syringe and spin coated onto a cover slip (2×2 cm 2 ). A liquid film formed on the slip in less than 1 second. Then the spin-coater was turned off, and the liquid film was kept in the humid atmosphere to evaporate the solvent. By controlling the injection volume of polymer solution and the spinning speed, the thickness of the films prepared could be adjusted from a few microns to tens of microns. Considering significant thickness fluctuations and poor mechanical stability due to excessive spinning speed or too little polymer solution covering the substrate, the limit of film thickness is controlled above 3 μm. Specifically, films of 3.5, equipped with a 919P thermopile sensor without the scattering sample. All tests were carried out in ambient environment with a RH of 35±2%.
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